Magnetization measurements on untwinned YBa 2 Cu 3 O y are performed in magnetic fields up to 27 T using the Hall probe magnetometry and the anomalous second peak is found near the multicritical point. Below the second peak, the vortex pinning force shows a steep increase at a characteristic field H*(T), which is connected both with the first-order vortex lattice melting line T m (H) and with the second-order vortex glass transition line T g (H) at the multicritical point. The field-driven transition from the ordered Bragg glass to the disordered vortex glass phase is discussed as a possible origin of H*(T). ͓S0163-1829͑98͒00841-8͔
In the mixed state of high-T c superconductors, the complex magnetic phase diagram including different vortex phases divided by several phase transition lines and crossover lines has been the focus of much interest. 1 The structure and the nature of vortices are determined by the competition between elastic, pinning, and thermal energies, so the vortex phase is a function of temperature, magnetic field, and disorder of the system. In the clean systems, a sharp resistive kink with hysteresis, 2-4 a discontinuous magnetization jump, [5] [6] [7] [8] [9] [10] and a calorimetric anomaly 11, 12 have provided an evidence of the first-order vortex lattice melting transition. Based on the resistivity data up to 16 T for YBa 2 Cu 3 O y , Safar et al. 13 showed that there is a multicritical point on the first-order melting transition that changes to the continuous vortex glass transition 14 above the critical point, because the effective disorder increases when the field is increased.
Recently, the effect of the weak impurity disorder on the vortex lattice was studied and a topologically ordered Bragg glass phase with quasi-long-range translational order was suggested by several theoretical works. [15] [16] [17] [18] Since the dislocation-free Bragg glass phase exists at low-field region below the almost vertical transition line that is connected with the critical point on the first-order melting line, the field-driven transition from the Bragg glass to the vortex glass is expected with increasing field. The stability of the Bragg glass phase and the field-driven phase transition was supported by numerical simulations. 19 However, in YBa 2 Cu 3 O y , the experimental investigation of the vortex state near the critical point is less as compared with Bi 2 Sr 2 CaCu 2 O y . [20] [21] [22] [23] In this paper, we find an anomalous second peak on magnetization near the multicritical point on the first-order transition line for untwinned YBa 2 Cu 3 O y by using Hall probe magnetometry up to 27 T. We show that the steep increase of the magnetization below the second peak results from the field-driven disordering transition into the vortex glass phase. We also demonstrate that the transition line is connected with the multicritical point on the melting line and divides the vortex solid into the Bragg glass and the vortex glass phases.
The sample in this study is a slightly overdoped single crystal of untwinned YBa 2 Cu 3 O y ͑Ref. 24͒ with dimensions of 0.8ϫ0.9ϫ0.15 mm 3 . It shows a superconducting transition at T c ϭ91.2 K with a sharp width of ⌬T c (10Ϫ90 %) Ͻ0.3 K. High-field magnetometry was performed by measuring the magnetic-flux density at the center and the outside of the sample using InSb Hall probes (50ϫ50 m 2 active area͒, and the consistency of the results was checked by 14 T vibrating sample magnetometer ͑Oxford Instruments͒. 25 The magnetic field (Hʈ the c axis͒ up to 27 T was generated by a hybrid magnet system at High Field Laboratory for Superconducting Materials, IMR, Tohoku University. A sweep rate of the magnetic field was typically 7.5 mT/s. The critical current density J c was calculated using the Bean's model. The irreversibility field H irr is defined by the magnetic field at which the hysteresis width becomes a noise level Ӎ5 ϫ10 Ϫ4 T, corresponding to a value of J c Ӎ90 A/cm 2 . Highresolution magnetization measurements were also performed up to 5 T by using a superconducting quantum interference device ͑SQUID͒ magnetometer. The magnetization curves show a remarkable second peak at a certain field H p . With increasing T, the minimum of the magnetization extends to the higherfield region and the hysteresis width becomes smaller. In the narrow region of 67рTр73 K, the magnetization shows an anomalous reentrant behavior. At Tϭ70 K, for example, the magnetization hysteresis decreases and disappears in the intermediate region (3р 0 Hр10 T͒ with increasing H. Above the reversible region, an irreversibility appears again and the second peak are observed around 13 T. These reentrant magnetizations are observed only in the high-quality samples with lower-pinning force.
The inset ͑b͒ of Fig. 1 shows the critical current density J c for both untwinned and heavy-twinned YBa 2 Cu 3 O y with the same thermal treatment. Although the heavy-twinned YBa 2 Cu 3 O y shows larger value of J c with the broad second peak, J c of the untwinned crystal becomes comparable to that of the heavy-twinned one only in high fields above 0 H p Ӎ13 T. These results indicate that the pinning force for the untwinned sample is remarkably reduced in the intermediate field region and some common pinning mechanism such as oxygen vacancy may work for both untwinned and heavy-twinned samples in the high-field region. Figure 2 shows the magnetic field dependence of J c up to 15 T for several temperatures. As shown in the figure, J c shows the steep increase at a characteristic field H*. Above H*, J c increases gradually toward a peak field H p . Contrary to the previous reports for untwinned YBa 2 Cu 3 O y , 26, 27 the characteristic fields such as H p and H* increase with increasing T and disappear above 73 K, so the fields are not described by the simple power-law dependence 27 of H(T) ϰ(1ϪT/T c ) n . Therefore, it is difficult to interpret the second peak in this study in terms of previously proposed mechanisms such as a field-dependent pinning at an oxygen deficient region, 28 a collective flux creep, 29 and a dimensional crossover. 22, 30 Figure 3 shows the magnetization as a function of temperature in zero-field cooled ͑ZFC͒ and field-cooled on cooling ͑FCC͒ modes at 5 T measured by the SQUID magnetometer. The magnetization shows a remarkable change at T*, which corresponds to the steep decrease of J c with increasing T, indicating the different vortex pinning properties above and below T*. In addition to the anomaly at T*, a discontinuous magnetization jump is observed at the vortex-lattice melting temperature T m Ӎ83.6 K, which is located at ϳ15 K above T irr . The existence of the wide reversible region far below T m implies that the vortex pinning force is very small or the relaxation effect is very large. The inset of Fig. 3 is an expanded view of the magnetization and the jump in the magnetization 0 (M ϪM s ) in the vicinity of T m , where M s is a linear extrapolation of the low-temperature magnetization expressed by the solid line. The jump height is about 0 ␦M Ӎ0.4ϫ10 Ϫ4 T, and the entropy change per vortex per CuO 2 double layer at the transition is estimated to be ⌬s Ӎ0.7k B at T m ϭ83.6 K using the Clausius-Clapeyron equation. These characteristic values at the transition are consistent with the previous reports. [6] [7] [8] [9] [10] [11] [12] The vortex lattice melting temperature T m (H) determined by the magnetization measurements agrees with a tempera- ture at which the resistivity shows sharp drop. 6, 8 For the sample in this study, the resistive transition shows a sharp drop at T m (H) up to 13 T, however, the transition becomes the continuous transition above 13 T ͑Ref. 32͒. Figure 4 shows the magnetic field versus temperature phase diagram including the obtained T m (H) line from magnetization and resistivity 32 measurements. The upper limit of the first-order melting transition, i.e., the critical point, is Ӎ13 T; the value is larger than the previous results. 13, 31 Above the critical point, the transition becomes the second-order transition, so vortices in the liquid state are frozen into the glassy state with decreasing T. According to the vortex glass theory, 14 T dependence of the linear resistivity is represented as (T) ϰ(TϪT g ) s near the glass transition temperature T g (H), where s is the critical exponent. As discussed in our previous paper, 32 (T) at high fields is well described by this equation with the reasonable value of sӍ6Ϫ7, and the obtained T g (H) seems to terminate at the critical point. These results are consistent with those obtained by Safar et al. 13 and the transition above the multicritical point is consistent with the vortex glass transition. 13, 14, 31 The new feature in the phase diagram is that H p (T) and H*(T) terminate at the multicritical point as shown in Fig. 4 , similar to the case of Bi 2 Sr 2 CaCu 2 O y ͑Ref.
23͒. Both H*(T) and T*(H) provide the same line and divide the vortex-solid phase into two regions, the high-H ͑low-T) region with the strong pinning and the low-H ͑high-T) region with the weak pinning. The different pinning property is closely related to the behavior of H irr (T). H irr (T) is much smaller than H m (T)
at Tу70 K. However, in the region of 6Ͻ 0 HϽ13 T, H irr (T) increases toward the multicritical point with an anomalous positive slope. Above the multicritical point, H irr (T) almost agrees with T g (H). Therefore, the vortex pinning region becomes wider at high fields and J c in high fields is larger than that in low fields. In this study, H irr (T) is equivalent to the constant J c (Ӎ90 A/cm 2 ) line due to the accuracy of Hall probe magnetometry. Between H irr (T) ͓or H*(T)] and H m (T), the weak pinning region with J c р90 A/cm 2 widely extends and J c (T) shows the gradual temperature dependence. These results indicate that the vortex lattice with a finite shear modulus is weakly pinned and the resistivity disappears abruptly at T m (H) when the driving force is very small. Above the multicritical point, on the other hand, J c changes steeply in the vicinity of T g , because the effective disorder becomes important in the vortex glass phase.
Thus, the vortex phase diagram in Fig. 4 is strongly suggestive of the existence of the Bragg glass phase and the field-driven disordering transition. [15] [16] [17] [18] [19] Since the Bragg glass is the almost perfect vortex lattice as far as translational order is concerned in spite of a finite pinning force, it is reasonable that the Bragg glass phase melts into the vortex liquid phase through the first-order transition line. With increasing H, the random pinning induces dislocations and the vortex system should undergo a transition into the disordered vortex glass phase. The field-driven transition line between the Bragg glass and the vortex glass is naturally connected with both T m (H) and T g (H) at the multicritical point and it provides an explanation of a change of the order for the melting transition. [15] [16] [17] [18] [19] Across the disordering transition line, J c (H) increases steeply with increasing H. [15] [16] [17] [18] [19] Therefore, H*(T) obtained above is consistent with the fielddriven disordering transition line. In the vortex glass phase above H*(T), the vortex pinning property is described by the collective pinning theory 1 and J c increases gradually up to the second peak field ͑see low-T data in Fig. 2͒ . In the high-T region, however, the vortex glass phase is reduced and H p is pushed up toward the high fields due to the upward curvature of H*(T).
In Bi 2 Sr 2 CaCu 2 O y , the Bragg peak intensity in a small angle neutron scattering ͑SANS͒ was observed at low fields 20 and the field-driven transition was also shown by SANS ͑Ref. 20͒ and a muon spin rotation 21, 22 measurements. However, different two scenarios such as the dimensional crossover of pancake vortices 22, 30 and the phase transition into a strongly pinned state 23 16 applied the Lindemann criterion to the simple cage model and examined the combined effect of disorder and thermal fluctuations on the vortex lattice. In the low-T region (TӶT dp s ), thermal fluctuations are smaller than disorder fluctuations and the disordering transition field 16 is given by B dis (0)Ӎ 0 / ab 2 (0)͓ 0 ab (0)/ ␥T dp s ͔ 10/3 c L 16/3 . Here, T dp s is the single vortex depinning temperature, 1 ab the in-plane coherence length, 0 ϭ( 0 /4 ab ) 2 , and ab the in-plane penetration depth. Using the parameters for YBa 2 Cu 3 O y , ab (0)ϭ12 Å,␥ ϭ6, ab (0)ϭ1400 Å, 0 ab (0)Ӎ1200 K, T dp s Ӎ40 K, 29 and c L ϭ0.1Ϫ0.13, B dis (0) is estimated to be 1.4Ϫ5.7 T. Although the obtained B dis (0) strongly depends on the value of c L , H*(T) extrapolated to the low-T region is within the range of B dis (0). With increasing T, thermal fluctuations weaken the effective disorder, so an additional upward curvature of B dis (T) is expected. 16 The smoothing of the quenched disorder potential by thermal fluctuations becomes greater in the high-T region above the depinning line 1 B dp (T)Ӎ8G i H c2 (0)(T/T c ) 2 . Here, G i is the Ginzburg number and B dp (T) is defined as a line at which thermal fluctuations ͗u 2 ͘ th 1/2 become comparable to the scale of the disorder potential. Since B dp (T) is located near H*(T) and intersects T m (H) around 10 T for YBa 2 Cu 3 O y , 1 the thermal smearing effects on the phase diagram cannot be neglected. In the region of T dp s ϽTϽT (1) , the disordering transition line 16 is given by B dis (T)ӍB dis (0)(T dp s /T) 10/3 exp͓(2c/3) ϫ(T/T dp s ) 3 ͔. Here, c is a constant of order unity, 1 and T (1) is a temperature below which the pinning potential and H irr (T) grow rapidly, 16 so T (1) is estimated to be Ӎ70 K from Fig. 4 .
As shown by the solid curve in Fig. 4 , H*(T) agrees with this model using the reasonable parameters, T dp s Ӎ39.5 K and B dis (0)Ӎ1.9 T.
In the higher temperature region (TӷT (1) ), the disordering transition line B dis (T) is turned into the vortex-lattice melting line B m (T), because the vortex displacement is dominated by thermal fluctuations. The condition, ͗u 2 ͘ th Ӎc L 2 a 2 , corresponds to the pure thermal melting without disorder fluctuations, so the vortex-lattice melting line,
n with nр2, decreases with increasing T ͑see closed circles in Fig. 4͒ as examined by several authors. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Thus, the stability of the Bragg glass in high-T region is limited to the vortex lattice melting line.
As mentioned above, the anomalous temperature dependence of H* is well described by the field-driven disordering transition theory, however, the nature of the transition is still not fully understood, experimentally and theoretically. Especially, there still remains an open question whether the disordering transition at H*(T) is a true phase transition or a gradual crossover; the fact is closely related to the possibility of another phase diagram including the vortex-slush regime 33 as discussed by Ikeda. 18 More detailed experiments would be necessary to check this point in clean YBa 2 Cu 3 O y .
In conclusion, we have found the anomalous second peak on magnetization of untwinned YBa 2 Cu 3 O y single crystals near the multicritical point. We have demonstrated that H*(T) is described by the stability line of the Bragg glass phase, B dis (T), and the steep increase of the pinning force at H*(T) results from the field-driven disordering transition into the vortex glass phase. We have shown that the transition lines T m (H), T g (H), and H*(T) terminate at the multicritical point and divide into three different phases of the vortex liquid, the vortex glass, and the Bragg glass.
